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Abstract 
The premise of relieving urban traffic congestion is to quantitatively master and evaluate the traffic operating performance of 
urban road network. In the paper, an observation-based model Macroscopic Fundamental Diagram (MFD) is applied to 
describe and evaluate the traffic state, which connecting the accumulation and production. It should be highlighted that a 
traffic parameter, network operation efficiency, is introduced to divide the traffic state into three categories: free flow 
conditions, optimal accumulation and congestion. The empirical analysis is carried out on a core urban road network located 
in Haizhu District of Guangzhou, China. The results verify that an MFD exists for the complete network and can be used to 
evaluate the traffic operation of the district. The results also show that the road network being saturated only when the 
accumulation reaching 477pcu and the production being 600pcu/h. Moreover, the weighted free-flow speed is 43.9 km/h, and 
the weighted jam density is 72.1 vehicles/km. 
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1. Introduction 
Nowadays, traffic congestion has been a significant problem in major cities. Traffic congestion not only causes 
traffic delay, the increase of motor vehicle fuel consumption and an increased risk for health of residents, but also 
causes enormous ecological environment pollution, waste of resources and increase the rate of road accidents. 
The Beijing Transportation Research Center (2011) reported that in 2010 the Beijing citizen experienced 1.1 
vehicle-hours of daily average delay, resulting in 105.6 billion yu
economic loss, 7.229 million liters of gasoline in wasted fuel, and 45.2 billion in additional environmental 
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pollution loss, which not including the non-quantifiable losses, such as waste pollution and intensified heat island 
effect. In Guangzhou the daily average speed of core area in September 2012 was 33.13 km/h, 2.5% lower than in 
June (33.97 km/h), and the average speed during evening peak of both were 29.57 km/h and 31.28 km/h, 
respectively. We can see that the average speed of the road is in the process of falling. Moreover, the Texas 
Transportation Institute (2011) estimated that U.S. national congestion cost will grow from $101 billion to $133 
billion in 2015 and $175 billion in 2020 (in 2010 dollars), and delay will grow to 6.1 billion hours in 2015 and 7.7 
billion hours in 2020, and the wasted fuel will increase to 2.5 billion gallons in 2015 and 3.2 billion gallons in 
2020.   
Therefore, accessibility is becoming an increasingly urgent problem worldwide. It is acknowledged that to 
decrease congestion and improve urban mobility in large cities we have to focus on the better utilization of the 
existing infrastructure. The construction of the new infrastructure is not a feasible solution to decrease congestion, 
not only because of the tremendous cost to keep pace with population increases and the resulting increase in 
travel demand, but also because of the phenomenon of induced demand. In the light of high costs and societal 
impacts, the effective way to relieve congestion and improve accessibility is to carry out dynamic traffic 
management (DTM), make better use of existing road capacity and improve the production efficiency of larger 
transportation networks. Previous study reveals that network-wide DTM will be even more efficient than local 
traffic control in improving network utilization (Taale, 2008). 
The precondition for efficiently implementing network-scale DTM is a timely and accurate description of the 
state of the network, that is, a macroscopic descripti
of traffic operation utilized in this study is the Macroscopic Fundamental Diagram (MFD) that was proposed by 
Daganzo (2005). The MFD describe the network-average relation between the number of vehicles in the network 
and performance, and between the number of vehicles in the network and outflow (Jiyang, et al., 2010). When the 
MFD is known, transportation managers can continuously monitor whether the road network is in the ideal and 
preferred state. The observation-based method MFD can be used to describe the traffic state of the network and 
also identify the level of service of a complete network. Meanwhile the advent of new technologies for sensing, 
vehicle-tracking make the MFD apply to urban-scale road network more practical. 
This study utilizes the MFD to evaluate the traffic operation, and by proposing the network operation 
efficiency, the traffic state can be divided into three states. The empirical analysis was carried out on Haizhu 
district located on Guangzhou, China. The remainder of this paper is organized as follows. The second section 
briefly overviews the theory of MFD; the third section describes the network and traffic data; the fourth section 
presents the traffic state evaluation methods based on MFD; the last section is the summary and outlook of this 
study. 
2. State of the Art 
The idea of a macroscopic description of the traffic flow is quite old. Thomson (1967) used data from center 
London to develop a linear speed-flow model. Wardrop (1968) developed a similar relation between average 
speed and flow by directly in cooperating average street width and average signal space into his model. Zahavi 
ties in the England and 
the United States. But all of the described models cannot be used to describe the rush hour in a congested city. 
Later, Herman and Prigogine (1979) put forward the two-fluid model which establishes macroscopic relations in 
vehicular traffic in large cities. They assumed that the speed distribution splits into two parts: moving vehicles 
and stopped vehicles. Most recently Daganzo (2005) proposed the relation between traffic flow and traffic speed 
as a part of an analytical model describing the dynamics of a traffic network. The experiments and simulations 
made by Geroliminis and Daganzo (2008) suggested that at least in some instances average flow and density 
were indeed related by a reproducible curve, which has come to be known as th
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MFD is an adaptive approach to improve urban mobility and relieve congestion, which can be used for 
estimation of the level of service on road networks, perimeter control, and macroscopic traffic modeling. The 
basic idea of the observation-based method MFD is that shifting the modeling emphasis from microscopic 
predictions, which cannot be always trusted for large network, to macroscopic monitoring and control (Daganzo, 
2007). The MFD relates the accumulation and the outflow in a network. The accumulation, denoted by n , is the 
number of vehicles in the network (unit: vehicles), and the outflow reflects the rate at which trips reach their 
destinations (unit: vehicles per time unit). But outflow is not an observable quantity and it cannot be measured 
directly in reality by detectors or other devices. Hence, another traffic variable, production, is introduced. 
Production, denoted by wq , is the total distance traveled from all the vehicles traveling in the network (unit: 
vehicles per time unit). The field experimental has proven that outflow and production are linearly related in 
networks (Geroliminis & Daganzo, 2008). The linear relationship between them suggests that the observable 
travel production is a good proxy for unobservable aggregate output. Instead of the accumulation-outflow 
relations, the accumulation-production will be used to analyze the network. 
In order to derive the MFD of a network, the link traffic variables such as flow, speed and density are needed. 
For a typical day and a given aggregation period, the MFD of a given network is built by relating the 
accumulation to the production of the area during the period. The weighted average values suggested by 
Geroliminis and Daganzo (2008) are used to obtain the network data. The related formulas are as follows: 
w w w w
i i i i i i i i i i i
i i i i i i i
n k l q q l l k k l l o k s o l l                                              (1) 
Where i  and il  denote a road lane segment between intersections and its length; and iq , ik  and io  denote the 
flow, density and occupancy on each segment in a particular time slice. And the weighted average flow wq  and 
the weighted average density wk  can be regarded as the production and the number of vehicles per unit road 
length respectively. 
3. Site and Data  
3.1. The study site 
The empirical analysis was carried out on an urban core road network located in Haizhu district of 
Guangzhou, China, shown in Fig 1. The Haizhu network is formed as a ring, the total length of it is 17728 meters 
and the length of each link varying from 488 to 3309 meters, which can be got by the GIS map of Guangzhou. 
The number of lanes of each links various from 2 to 5 lanes per direction. The traffic signals of the study section 
are multiphase operating as coordinated under traffic responsive control. The two networks include streets of 
various types, like major urban roads, urban link, etc.  
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Bingjiang Dong Road
Shangdu
Road
Dongxiao
Road
Xingang Xi Road
Fig. 1. Test site: Haizhu core network
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3.2. The traffic data description 
To derive the MFD of the network, traffic related data must be collected in the study area. As the occupancy 
cannot be obtained directly by the devices, the following formula was used to calculate density using flow and 
speed data: i.e. Density=Flow/Speed. Among them, the speed of the 
data. Guangzhou has more than 20,000 taxis equipped with GPS receivers (Zhuang, et al., 2012). The sampling 
interval is mostly between 20 seconds and 120 seconds. Real-time positioning data will be transmitted to the 
traffic information center and over 20 million rows of positioning data are inserted into the database every day. 
The traffic flow data generated from the SCATS system of Guangzhou. Currently, over 270 intersections 
installed SCATS system to manage the traffic in Guangzhou city. By relating the weighted average flow and the 
weighted average density of all measured links in the network, the MFD of the network are derived. Generally 
speaking, Guangzhou has favorable conditions to implement macroscopic traffic control and traffic management 
based on theory of MFD, which the traffic data of road network are sufficient and necessary. 
The aggregation time period is a significant factor when aggregating traffic data from the link level to the 
network level especially for links with signal control (Qian Xiaoyu, 2009). During the red time, vehicles have 
to queue in front of the stop line, resulting in high densities and zero flow on that section. By contrast, when 
traffic lights turn to green, the queue dissolves at saturation rate until vehicles can pass the intersections without 
delay. In that case, the flow and speed will be higher while the densities will be much lower than those in the red 
phase. The aggregation period should be at least longer than cycle time in order to eliminate the influence of 
traffic lights. In reality, 120 seconds is commonly used as the maximum cycle time. So this paper set 5 minutes as 
the length of the aggregation time period. 
Moreover, to get a complete MFD, the traffic data under both peak hour and off-peak hour should be 
collected. The collecting time begins with 7 a.m. and ends at 12 p.m. in the research, and the time slice is 5 
minutes. Sufficient traffic data are necessary to ensure all states in the MFD can be demonstrated.  
4. Evaluation the Traffic Operation based on MFD 
4.1. MFD of the study network 
From the above analysis, here use the production as a proxy for outflow, due to the existing linear relation 
between them. By calculating the value of accumulation and production, the MFD of the studied network is 
shown in Fig 2. And the relation of network-wide traffic parameters illustrated in Fig 3, which similar to a 
conventional link fundamental diagram relating link flow and speed and density. From the Figure 2, 3, we can see 
that weighted flow weighted density curve is approximately a quadratic parabola, and can be fitted with a 
quadratic parabola (addressed in bold line in Fig 2). And the weighted speed weighted density curve is linear, 
the weighted flow weighted speed curve is as well as a quadratic parabola. The relation of network-wide traffic 
parameters is similar to Green Shields model of link traffic. 
The fitting curves obtained of each figure can offer the value of many key parameters, which used to 
quantitatively master and evaluate the traffic state of the study network. The key variables include critical 
accumulation, maximum production, weighted free-flow speed, and weighted jam density. The maximum 
production indicates the level of the network s service, and the corresponding critical accumulation denotes the 
optimal number of vehicles in the network. Statistically, for the Haizhu core network, the maximum production is 
600 vehicles/h, the critical accumulation is 477 vehicles, the weighted free-flow speed is 43.9 km/h, and the 
weighted jam density is 72.1 vehicles/km. Overall, the MFD of the study network reveals that the network is in 
unsaturated condition and the congestion state is rarely occur currently. It suggested that more vehicles can be 
accepted and the service-level can be improved in the study network. 
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Fig. 2. MFD of the tested network 
 
Fig. 3. (a) weighted density and weighted speed; (b) weighted flow and weighted speed  
4.2. Traffic evaluation based on MFD 
The MFD regarded as network properties and be used to as an important tool to monitor a large system and 
develops macroscopic control strategies. Nowadays, there are some examples of cities around the world, where 
macroscopic control strategies have already been applied (Geroliminis & Daganzo, 2007). A Congestion 
Charging Scheme was introduced in central London, covering 22 km2, in 2003. The main aims of the scheme are 
to reduce traffic congestion in and around the charging zone, to improve the bus services, journey time reliability 
for car users and to make the distribution of goods and services more reliable, sustainable and efficient. And 
Zurich set up a novel traffic light operating system designed for active management of the high demand central 
area. The traffic lights are internally coordinated based on the logic that the flow towards an overloaded area 
should be restricted while the flow towards an underutilized area should be promoted. Prevention of 
overcrowding on the city center is achieved by metering of access to maintain the mobility of cars at a stabilized 
level.  
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In view of the advantages of the observation-based method of MFD, and urban-scale traffic data of 
Guangzhou available, the evaluation and identification of the network based on MFD will be given. A typical 
MFD is illustrated in Fig 4. Like the critical density in a link fundamental diagram, in MFD the value of 
corresponding accumulation when outflow reaches maximum is an important parameter called critical 
accumulation, marked as a red spot in Fig 4. The value of critical accumulation and maximum production can be 
directly calculated by the given MFD derived by the observable traffic data of the network. Two traffic states can 
be simply divided by the point of critical accumulation, which corresponding to maximum production, i.e. free 
flow condition and congestion. Here, the location where the value of critical accumulation and maximum 
production reaching is also called state turning point. If the variables locate in the left side of state turning point, 
the road network is in the free flow condition. Otherwise the network is congestion. That means, the rough traffic 
states can be identified as long as the MFD is known. 
 
Fig. 4.  A typical MFD of a network 
While describing a road network, the two states division cannot always satisfy the requirements. In order to 
refine the traffic states, the method proposed here is having the assumptions that the network-wide traffic 
parameters in accordance with conventional Green Shields modal. That means the macroscopic traffic variables 
satisfied the equations below:  
, (1 )
w
w w w w
f
j
kq k v v V
K
                                                                                                   (2) 
Where: fV , jK denote the weighted free-flow speed and weighted jam density of the network. 
It is novel that the network operation efficiency, denoted by E , was defined. The network operation efficiency 
indicates the number of vehicles in the network is big, simultaneously, the operation speed is fast, and the 
formula is expressed as: w wE q v . There must be a weighted speed corresponding to the optimal network 
efficiency. Combination with equation (2), the E can be described as:          
3
2 2 ( )( ) [( ) )]
w
w w w w w
j
f
vE q v k v K v
V
                                                                   (3) 
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Let 0E , we can get the speed max
wv corresponding to maximum E is computed: max
2
3
w
fv V . When maxE E , 
indicating that network flow can be provided at a certain level, where the operation speed is relatively high and 
the network is not blocking. It corresponds to the situation of the point B in the w wq v diagram in Fig 5. The 
region ranges from point B to point D illustrate the optimal condition of the network, where the value of 
accumulation is suitable and the corresponding production is high. But Beyond the point D, the interference 
between vehicles will become increasing serious, resulting in traffic delay and production declines, shown in 
section DE of the w wq v diagram in Fig 5.  
vw
Vf
2/3Vf
E=qwvw Emax
3/6Vf
qwmax0
4/6Vf
D
C
B
A
2/6Vf
E
n
C
D
B
LKj
 
Fig. 5. The diagrams of network operation efficiency and MFD 
Therefore, using weighted density ( )wk and weighted speed ( )wv , the network traffic state can be quantitatively 
divided into three states: free flow condition, optimal production and congestion. The specific classification is 
depicted in Table 1.When only a few vehicles running in the network, the traffic condition is free flowing and the 
production is low, as the green part shown in Fig 6. As the number of vehicles increase, production rises up to the 
maximum, indicated by the yellow region. And with the number of vehicles continues to increase more, drivers 
will experience delay. If vehicles further increase and the number exceed critical accumulation in the network, a 
congestion state will result in which vehicles block each other and outflow declines, addressed by the red part. 
So, the main principle of traffic control based on MFD introduced in an effort to keep accumulation at a preferred 
level where production is maximized for each area with a high density of destinations. If necessary, meter  the 
vehicles to the network and holding vehicles outside the network. 
Table 1. The classification of the network traffic operation based on MFD 
 Free flow condition Optimal production Congestion  
Weighted speed wv  4[ , )
6f f
V V  4 2[ , )
6 6f f
V V  2[ ,0]
6 f
V  
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Weighted density wk  2[0, )
6 j
K  2 4[ , )
6 6j j
K K  4[ , ]
6 j j
K K  
 
 
Fig. 5. The traffic state division of an MFD 
5. Conclusions and Further Research 
The MFD of a given network can be drawn by the observable traffic data of all measured links, which 
avoiding the unreliable of a predictable modal when describe the network system. Additional, the MFD is not 
sensitive to OD demand, which is an advantage when using the MFD for traffic control. In this study the 
macroscopic traffic flow theory MFD is introduced to evaluate the traffic operation of urban network. For Haizhu 
core road network, the results shown that the maximum production is 600 vehicles/h, the critical accumulation is 
477 vehicles, the weighted free-flow speed is 43.9 km/h, and the weighted jam density is 72.1 vehicles/km. And 
its MFD also indicated that the network has not saturated and the congestion rarely occurred. 
Moreover, the novel of this study is the definition of the variable, network operation efficiency ( )E , which is 
the product of weighted flow and weighted speed. Its value will up to maximum when the weighted speed 
reaches two-thirds time of the weighted free-flow speed. What s more, the network traffic state quantitatively 
divided into three levels based on the value of weighted speed and weighted density, which making the traffic 
operation identification more accurate. 
Further research will predict the traffic state of network, combination of the historical MFD and the traffic 
operation classification method proposed in this paper. 
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